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Abstract 
This study compares the energy efficiency of two processes covering the thermal energy demand of a swimming 
pool: a combined heat and power (CHP) unit on the one hand, and a heat pump with internal combustion engine on 
the other hand. The thermal energy demand of the swimming pool was 1438 kWh per day (78% heating the pool and 
22% providing hot water for showers), owing to temperate climate in the city of Toluca in central Mexico; a mean 
annual temperature of 13.5 °C (10.5 °C in January and 15.7 °C in June) offers a large potential of renewable thermal 
energy stored in the atmosphere. Its utilization in heat pumps driven by thermal combustion engines can provide 
energy below 60 °C; this temperature level provides hot water for showers while a lower temperature level of about 
40°C heats up the pool water and swimming hall. Depending on outdoor temperature, which defines the load for the 
units, the efficiency in terms of total primary energy consumption is better for the CHP solution (100% and 80% 
load) and is better for the heat pump in the case of a 57% load. The energy losses for the CHP unit on-site are 
equivalent to half the losses caused by extraction and distribution of natural gas under current circumstances in 
Mexico. The results provide a decision tool. 
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1. Introduction 
Improvements of efficiency in heat generation by CHP systems are being widely discussed. 
Applications exist for a wide range of power capacities. In the residential sector, Stirling engines may be 
favored due to low maintenance costs and efforts, while systems for the small industries sector are 
covered by generators driven by an internal combustion engine, and the best solutions for capacities over 
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5 MWel are gas turbines [1]. When rejected heat still has temperatures over 200 °C, organic Rankine 
cycles can be used to enhance electricity production [2].  
The energy efficiency of these systems has to be evaluated in terms of consumption of primary energy 
covering the demand for thermal and electric energy, and compared to electricity generation in centralized 
plants. The efficiency of the latter process strongly depends on the electric energy generation structure of 
each country, but generally it could be assumed that CHP leads to savings of primary energy of up to 35% 
[1].  
However, most of the fossil fuel for CHP systems is natural gas, especially as coal-fired centralized 
power plants are being phased out. Thus, an emergent task for governments is the expansion of natural 
gas grids. This is true in Mexico as liquefied natural gas is now being imported by ship and saturation of 
the national natural gas grid has made it impossible to conduct more gas from the northern gas fields [3]. 
As to electricity in Mexico, the current regulations make it difficult for individuals to introduce energy 
into the grid [4]. As a consequence electric energy has to be consumed on-site, which economically 
restricts the maximum capacity that can be installed to cope with demand variation.  
As an alternative, solar energy accumulated in the atmosphere can be considered as a vast, mostly 
untapped, resource of energy available on-site. Thus far, heat pumps have been the applications of 
thermodynamic laws which make this renewable energy accessible. When heat pumps are driven by an 
internal combustion engine, the thermal process energy can be supplied at two temperature levels from the 
condenser and engine rejected heat.  
According to the above, this study aims at minimizing the consumption of primary energy and guiding 
decisions between alternative systems providing hot water for a resort with a maximum temperature of 
60 °C for shower water. To this end, two systems driven by an internal combustion engine are compared, 
a CHP system and a heat pump. Design recommendations are also made.  
 
Nomenclature 
βU,B Evaporation coefficient in m/h 
ε Heat exchanger efficiency 
φ Relative air humidity in percent 
U Heat transfer coefficient in W m-2K-1 
ܯሶ஽ǡ஻ǡ௨ ௕Τ Ȁ 
ܴ஽ Specific gas constant for water vapour RD=461.52 kJ kg-1 K-1 
രሬ Medium temperature between air and pool water in K 
pi,j Vapor pressure at surface pD,W and ambient air pD,L in Pa 
ܣ஻ Pool surface in m2 
2. Materials and Methods 
The purpose of this study was to compare two different ways to provide thermal energy. It started with 
an estimation of the thermal energy demand to operate a resort with a short-course indoor pool (25 m·10 
m·1.6 m) situated in the Mexican central region. Based on this, the heat generation equipment was 
dimensioned. Finally the demand for primary energy for both solutions was calculated based on the 
specific structure of the energy sector in Mexico. 
2668   Bernd Weber et al. /  Energy Procedia  57 ( 2014 )  2666 – 2675 
2.1. Calculation of thermal energy demand 
The calculation of energy demand for buildings is standardized and contains reference temperature and 
other relevant climatic data for specific regions. The Mexican Secretariat of Energy (SENER by its 
acronym in Spanish) recently established for this purpose two standards (NOM-020-ENER-2011 and 
NOM-008-ENER-2001) [5,6]. These refer to edification protection against temperature rise instead of 
heating purposes. Consequently, to define reference temperatures for the situation under study, climatic 
data were obtained from the meteorological station at Toluca airport [7]. The coldest months in Toluca are 
December and January; their 2012 average nighttime temperature was 4.3 °C and 14.0 °C during daytime. 
These data concur with a 10.4 °C wintertime average temperature in the last decades [8]. 
The design principle for rooms containing high humidity is to maintain surface temperatures over dew 
point, to avoid condensation, which can cause severe damage to building structures. German guidelines 
recommend air humidity in indoor pools between 60% and 75% [9] to keep human bodies comfortable 
when wet. This, along with outdoor temperatures, determined the heat transfer coefficients for the 
structural parts of the building (Table 1).  
Table 1. Heat transfer coefficients for elements of the building 
Element U 
W m-2K-1 
Roof 0.39 
Walls exterior 0.80 
Walls interior 1.00 
Windows 1.40 
Bottom in contact with earth* 0.90 
*The calculation of the heat transfer coefficient was based on the method established in the 
European guideline for the design of heat loads [10] 
 
Heat transfer losses over surfaces were calculated according to the method specified in the European 
guideline EN 12831 [10], except that different outdoor temperatures were considered for daytime and 
nighttime. The solar inputs through transparent surfaces, which are mainly influenced by sun elevation 
angle on a specific site, were as per the Mexican NOM-008-ENER-2001 guideline. 
The determination of heat loads to provide hot water for showers was based on the demand profile of 
180 people visiting the resort daily. According to Recknagel et al. water demand per person is between 
50L to 80L at 40°C [11]. The required heat loads were dependent on discharging two storage tanks of 
800 L each, taking into account a minimum backup of 300 L of 60 °C hot water. 
To maintain humidity in the hall, exchange with the outdoor air through a heat exchanger was 
considered. Such exchangers work with 80% efficiency and replace air with 60% and 80% humidity 
during daytime and nighttime respectively. The determination of the evaporation rate was calculated with 
the equation given in VDI 2089 [9]:  
 
ܯሶ஽ǡ஻ǡ௨ ௕Τ ൌ ఉೠ ್Τோವήര்ሬ ή ൫݌஽ǡௐ െ ݌஽ǡ௅൯ ή ܣ஻        (1) 
The water evaporation transfer coefficient depends on movement of the water surface and the cited 
guideline establishes for this kind of pool 28 m/h when the pool is used (daytime) and 7 m/h when pool is 
unused (nighttime). The equation states that with higher vapor pressure in air obtained by higher air 
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temperature, the water evaporation rate is reduced. So a higher ambient temperature reduces the total 
energy demand, although heat transfer to the outside through the shell of the building increases. 
2.2. Available equipment 
CHP systems are available for natural gas, biogas, diesel, biodiesel and also vegetable oils. A Vitobloc 
EM 50/81 using natural gas (Viessmann, Germany) was chosen. From among 13-549 kW versions the 
most adequate thermal capacity was chosen, based on the calculated demand of thermal energy.  
An AWGP 560 E1 N heat pump (AISIN Co, Japan) was also chosen. Worldwide there are only a few 
suppliers for such technology and it is not distributed in Mexico. The AISIN heat pump is equipped with 
Toyota motor technology. This manufacturer can deliver models with 21-80 kW nominal thermal 
capacity. Thermal energy at the higher temperature level (60 °C) is available in this system from the 
engine cooling.  
2.3. Balance of primary energy consumption: data 
The precise definition of the reference system is important to compare the primary energy demand of 
different generation schemes [12]. Usually this definition calls for answers to the following questions. 
Should the efficiency of a state of the art heat generator be used? Or should it be the efficiency of a heat 
generator in use at the resort? However, in this study a reference system for on-site heat generation is not 
needed because two on-site working systems are compared. Nevertheless, the reference system for 
electricity generation by conventional centralized power plants has to be chosen carefully. Possible 
reference systems are as follows. 
 
I. The primary energy demand to produce 1 kWh of electricity. This considers all the electricity-
generation units of a country. This could be calculated from the national energy balance and was 
in 2011 in Mexico 10.7 MJ/kWh (ηel ≈ 33.6%) [13]. It was in 2009 in Germany 8.6 MJ/kWh (ηel 
≈ 41.9%) [14].  
II. The most efficient technology available on the market using fossil fuels for centralized electricity 
generation, as proposed by Cherubini and Strømman [15]. A 60.8% efficiency was reached in a 
recently inaugurated Combined Cycle Plant (Irsching in Vohburg, Germany) [16]. 
III. The efficiency of centralized power generation utilizing fossil fuels. This is justified because this 
kind of technology should be replaced by more efficient technologies as well as renewable 
energies. This was 31.5% in the 2011 national energy balance. This differs from the efficiency of 
a system, which balances out losses obtaining secondary energy, and reaches 40.8% in centralized 
plants in Mexico [13].  
 
The estimations of reductions in primary energy consumption can vary substantially. Reference system III 
may lead to a better evaluation in the current situation. But this is likely to change with increasing 
contributions of renewable energy, or the contribution of the technologies analyzed here, calling for 
different approaches in the future [1]. In this study, III was used in the balances. As to the distribution 
efficiency factors of gas and electricity, they were assumed to be equal in Mexico. The cumulative energy 
demand for the fossil fuel differs, if fuel is from national production or if it is imported. In the case of 
natural gas with a share of 25% imported gas, it was considered that cumulative energy demand is equal 
for both.  
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3. Results and Discussion 
3.1. Calculation of thermal energy demand  
The total energy demand for pool water and swimming hall was 724 kWh during pool opening times 
(7.00 to 21.00 hours) and 396 kWh at night. The total energy demand for shower hot water was 318 
kWh/day. As a result, the total energy demand for the resort was 1438 kWh/d (60 kW capacity). The 
maximum demand for the heat generation system was defined by the maximum loading rate of the hot 
water cylinder between 18.00 and 20.00 hours and was 75 kW. Under real conditions both hot water and 
buffer tanks would be recharged when thermal energy is available to avoid the cycling of the combustion 
unit. 
The influence of air humidity and air temperature on daytime energy demand is displayed in Fig. 1. As 
air temperature increases, the total daytime energy demand for pool water and air conditioning decreases. 
The reason is found in the reduction of the evaporation rate of the pool water. The bars in Fig. 1 further 
represent the balance gains and losses over the swimming hall. Evaporation losses reflected in the 
required air exchange rate are the largest factor. Gains from solar irradiation through a 70% transparent 
exterior shell, and heat recovery from air exchangers, can contribute 36% of the total heat demand during 
daytime.  
During nighttime the evaporation of pool water is significantly reduced (Fig. 2). This makes heat loss 
nearly independent from hall temperature, because total nighttime energy demand is governed by 
evaporation as well as heat transfer through the outer shell. While daytime air humidity can elevate 
energy demand up to 50%, the nighttime increment is approximately 15%. Daytime energy demand is 
approximately 20% higher than nighttime.  
 
 
Fig. 1. Total daytime energy demand of an indoor swimming pool with 28 ˚C water temperature, as a function of humidity and 
temperature in the hall. For 26 ˚C and 70% air temperature and humidity, the different loads are displayed as bars (energy gain left 
bar and energy loss right bar) 
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Fig. 2. Total nighttime energy demand of an indoor swimming pool with 28 ˚C water temperature, as a function of humidity and 
temperature in the hall. For 26 ˚C and 70% air temperature and humidity, the different loads are displayed as bars (left bar: energy 
gain; right bar: energy loss) 
The hot water consumption pattern (Fig. 3) is marked by two periods with higher consumption in the 
morning and in the evening before the resort closes, when showering demand increases. The two hot 
water cylinders with a capacity of one third of the daily demand can buffer the demand for the first 3 
hours of the day and then have to be recharged permanently with different loading capacities. A criterion 
is that a minimum 300 L 60 °C hot water backup buffer is maintained. More detailed information on this 
method of designing hot water cylinders is given in the literature [11]. The steepest increase is shown in 
the demand slope between 8.00 and 9.00 o’clock; however due to fully loaded tanks early in the morning, 
the maximum loading rate is maximal with 21.5 kW in the evening between 18.00 and 20.00 hours.  
Most indoor pools in Mexico do not comply with NOM-008-ENER-2001 thermal insulation 
guidelines. Even construction materials like double glazed windows are complicated to buy in the local 
markets. Roof construction designs only use single metallic sheets. As a consequence, vapour 
condensation on these surfaces is present and strongly reduces the life of materials and promotes growth 
of fungi. High heat transfer coefficients cool the hall and prevent comfortable indoor temperatures. Due to 
a lack of other heating systems in the swimming halls, all the thermal energy introduced to the system has 
to be provided by the pool water. The same situation prevails in connection with air conditioning systems. 
The common technique is the exchange of air by simple extractors without any control. All these design 
deficiencies lead to uncomfortable conditions and higher thermal energy demands. 
Improved setups would achieve better operating performance via controlled air conditioning. Because 
humidity in the air has to be removed constantly, the air conditioning equipment may consist only of 
central blowers, a heat exchanger to heat up the incoming air stream, and a heat exchanger to recover 
energy of outgoing air. An additional energy demand reduction could be achieved using a heat pump with 
the purpose of de-moistening air and dissipating energy from the condenser into the hall. 
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Fig. 3. Accumulated hot water consumption for the projected resort, production of hot water in the storage tank (minimum reserve 
of 300 L) and heating demand for loading of storage tank  
 
3.2. Hydraulic installation scheme  
Hydraulic schemes for the two alternative heat generation systems are illustrated in Fig. 4. Most 
components are the same, but the dimensions are larger for the heat pump because of the smaller 
temperature spread: while the CHP unit can be cooled with hot water (maximum 70 °C inlet temperature) 
providing an outlet temperature of 90 °C, the heat pump provides two different temperature levels of 47 
°C (60 kW capacity) and 60 °C (10.5 kW capacity). So the dimension of the buffer tank, which normally 
is designed to store energy provided by the heat generator at full capacity in half an hour [1], should be in 
the heat pump alternative at least 1500 L. This is 3-5 times larger than for the CHP unit. Also heat 
exchangers are larger in the heat pump system (3.5 times for the pool water heat exchanger and 3 times 
for the air heater). Temperatures and mass flows specified in schemes in Fig. 4 refer to heat generators 
working at full capacity. The heat pump is able to reduce the capacity down to 40% and the CHP unit 
down to 50%. The moderate climate throughout the year with 10.4 °C winter and 14 °C summer median 
temperature explains why heat generators cascade arrangements are not necessary. Only a conventional 
heat generator backup should be integrated. 
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Fig. 4. Hydraulic scheme of heating devices and heat generator for the optimized resort. Left: CHP unit. Right: heat pump driven by 
internal combustion engine; exhaust air may partially be used in the heat exchanger of the heat pump. 
3.3. Balance of primary energy consumption 
Mexican fossil-fuel-fired plants generate electricity using 34% gas, 44% petroleum and 22% coal. 
These fuels have different losses during processing and distribution: 30% for natural gas, 11.3% for 
petroleum and 5.4% in the case of coal which have to be considered in the balance. It seems that the low-
efficiency natural gas supply is not only due to longer transportation ways but also to technologies 
applied. In comparison, cumulative energy demand in Germany for natural gas is reported to be 5% 
(production in Germany), 12% (imports from Norway) and 32% (imports from Russia) [17].  
Due to the lack of the annual demand curve, the performance under real conditions could not be 
estimated. However, the on-site balance of the two heat generators is compared at 100%, 80% and 57% 
thermal load. The results outlined the real-life performance tendency.  
Taking the CHP thermal capacity with 81 kW at 100% load as one-hour reference, to provide the same 
thermal energy the heat pump with a capacity of only 70.5 kW has to work for 1 hour and 9 minutes. The 
results of final and primary energy demand to provide thermal energy for the resort at different loading 
rates is shown in Table 3. The natural gas demand considered as final energy on resort is 3 times lower 
for the alternative using the heat pump. This is due to the fact that no electricity is produced on-site. The 
total primary energy demand, which includes for the heat pump the equivalent electricity production in 
centralized fossil-fuel-fired plants, is quite close for both alternatives. The relation EPrimary/EUse varies for 
both alternatives between 1.58 and 1.81 with higher CHP efficiency at 100% and 80% load, but a higher 
efficiency of the heat pump at 57% load. 
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Table 2. Performance of heat pump and CHP unit at different loading rates. It is considered the CHP unit works for 1 hour to 
provide the specified thermal energy. To provide the same energy, the heat pump has to work for 1 hour and 9 minutes. 
Capacity 100% 80% 57% 
 Heat pump* CHP Unit Heat pump  CHP Unit  Heat pump  CHP Unit  
Thermal energy for resort       [kWh] 81 81 64 64 46 46 
Electricity produced at resort  [kWh] - 50 - 38 - 25 
Final energy demand resort     [kWh] 46 145 42 118 24 86 
Total primary energy demand  [kWh] 237 207 179 168 119 122 
EPrimary/EUse    [-] 1.81 1.58 1.75 1.64 1.67 1.72 
*The performance of the heat pump is based on a 28 °C temperature difference between air and hot water. 
 
It has to be mentioned that performance of heat pumps strongly depends on ambient temperatures and 
the temperature difference. The specified temperature difference of 28 °C for capacities in table 2 nearly 
corresponds to conditions for maximum load projected in this study. Also account must be taken that the 
heat pump works most time of the year with an even better performance than specified in Table 2 and 
Sankey diagram in Fig. 4. 
 
 
 Fig. 4. Sankey diagram illustrating the primary energy demand to produce heat for the resort. Left: CHP unit. Right: heat pump 
driven by internal combustion engine. The reference is the thermal energy provided by the CHP unit working at full capacity (81 
kW) for one hour. To provide the same thermal energy, the heat pump has to work for 1 hour and 9 minutes. 
4. Conclusions 
Based on the reference system, which takes into account the low efficiency of centralized power plants 
(more favorable to the CHP unit), primary energy consumption at a 57% loading capacity is better with 
the heat pump driven by an internal combustion engine. If it is assumed that heat demand requires these 
low loading capacities most of the year, the heat pump offers the most efficient way to provide thermal 
energy for the resort under study. An analysis including daily demand over a year could help lift this 
assumption.  
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Future trends of renewable energy implementation for electricity generation and improvements in 
centralized generation plants are enhancing the conditions for heat pumps even when driven by an electric 
motor. The overall energy efficiency of the heat pump alternative could be even higher in comparison to 
CHP, when favorable ambient conditions are present. Another argument in favor of the heat pump is that 
private electric generation in Mexico does not receive subsidies for introducing exceeding electricity into 
the grid like in other countries. Finally, as regards energy supply efficiency and atmospheric emissions, it 
is worth mentioning that the reduction of atmospheric emissions can parallel the reduction of primary 
energy consumption when the same fossil fuel is replaced by several heat generation alternatives. 
However, in future studies the replacement of more contaminant, albeit perhaps more efficient fuels, like 
brown coal has to be factored in. 
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